The prolyl isomerase Pin1 is widely over-expressed or over-activated in cancers and promotes tumorigenesis. The authors investigated the expression level of Pin1 and analyzed the prognostic value of Pin1 expression using a large-scale melanoma tissue microarray study. Two independent sets of tissue microarrays were employed, including 114 melanoma cases in the discovery set and 424 in the validation set (538 cases in total), 32 normal nevi and 86 dysplastic nevi 118 cases of nevi. The subcellular Pin1 expression in different stages of melanocytic lesions and its prognostic significance were studied. High expression (IRS 0-8) of cytoplasmic Pin1 was observed in 3.13%, 8.33%, 16.49% and 22.76% of the biopsies in normal nevi, dysplastic nevi, primary melanoma and metastatic melanoma, respectively. Significant differences for cytoplasmic Pin1 staining were observed between normal nevi and metastatic melanoma (P = 0.011, χ 2 test), between dysplastic nevi and primary melanoma (P = 0.046, χ 2 test) and between dysplastic nevi and metastatic melanoma (P = 0.016, χ 2 test). Kaplan-Meier survival analysis showed that increased cytoplasmic Pin1 expression was associated with a worse 5-year melanoma-specific survival of melanoma (P < 0.001) and metastatic melanoma patients (P = 0.004). Multivariate Cox regression analysis showed that cytoplasmic Pin1 expression is an independent prognostic factor in melanoma. Our data indicate that cytoplasmic Pin1 plays an important role in melanoma pathogenesis and progression, and serve as a potential prognostic marker for melanoma.
inactivates approximate 20 tumor suppressors 9 . Although Pin1 is an essential factor for cancer cell growth, it is dispensable for normal cell growth. Pin1-−/− mice are viable, develop normally, and show no obvious defects at young ages 10 . Moreover, Pin1 −/− mice are highly resistant to oncogenesis induced by over-expression of oncogenes such as HER2 and HRAS or after inactivation of the tumor suppressor gene TP53 [11] [12] [13] [14] . In addition, Pin1 inhibition sensitizes breast cancer cells to multiple chemo-therapies and targeted drugs [15] [16] [17] [18] . Taken together, these results strongly suggest a pro-oncogenic role of Pin1 and provide a sound rationale for developing specific Pin1 inhibitors for treating cancer.
Malignant melanoma, arising from uncontrolled proliferation of melanocytes, is an aggressive form of skin cancer with a rapidly increasing incidence worldwide 19 . Once metastasis occurs, melanoma can hardly be treated; only 14% of metastatic melanoma patients survive for 5 years 20 . Recent development of the targeted inhibitors of specific MAP kinase and the immune checkpoint monoclonal antibodies has been notably improved the treatment of metastatic melanoma 21 . Both therapies have shown survival benefits for patients with metastasis, albeit with limitations 22 . Based on the widely accepted oncogenic role of Pin1 in cancer, we hypothesized that Pin1 would have profound impact on melanoma pathogenesis and progression. To investigate the role of Pin1 in melanoma progression, we checked Pin1 expression in different stages of melanocytic lesions using tissue microarray (TMA) and immunohistochemistry. Our findings provide strong evidence that cytoplasmic Pin1 expression is a prognostic marker and a promising therapeutic target in melanoma.
Results
Clinicopathologic Features of TMAs. Due to loss of biopsy cores or insufficient tumor cells present in the cores, 656 biopsies (32 normal nevi, 86 dysplastic nevi, 347 primary melanomas, and 191 metastatic melanomas) could be evaluated for Pin1 staining (Fig. 1) . The survival status for 20 patients of this set was lost for follow-up; therefore, only 518 melanomas were subjected to followed survival analysis. The distribution of selected major clinical characteristics of melanoma patients in both discovery and validation sets are showed in Table 1 .
No significant differences of were observed in the distribution of the age, sex, tumor thickness, ulceration, subtype, location and American Joint Committee on Cancer (AJCC) stage between the patients in the discovery and validation sets. Therefore, to increase statistical power, we combined the two sets. The total number of 347 cases of primary melanoma with ages ranging from 7 to 93 (median 60) was split into 195 male and 152 female cases (Table 1) . Breslow thickness and AJCC criteria were used for melanoma staging. 212 cases of primary melanomas were less than 2.0 mm thick while 135 were thicker than 2.0 mm. 66 cases of primary melanoma showed ulceration, while 281 showed no signs of ulceration at diagnosis. Out of 191 metastatic melanomas (median age 59), 134 were male and 57 were female. In addition, 196 tumors were at AJCC stage I, 151 at stage II, 78 at stage III, and 113 at stage IV.
Pin1
Expression is increased in Melanoma Cell Lines. We first investigated the expression level of Pin1 in melanoma cell lines and normal melanocytes by Western blot. Cell lines tested included the primary melanoma cell lines RPEP and RPM-MC, and the metastatic melanoma cell lines A375, MMRU, MMLH, MMAN, SK110 and MEL624. All melanoma cell lines (8/8) showed increased Pin1 protein levels compared with normal melanocytes ( Fig. 2A) . Pin1 mRNA as determined by RT-PCR was increased 7.3 folds on average in all melanoma cell linesas compared with normal melanocytes with 4/8 cell lines showing a >10-fold increase (Fig. 2B ).
Increased Cytoplasmic Pin1 Expression Correlates with Melanoma Progression. To further investigate the expression profiles of Pin1 in melanoma tissue, we conducted immunohistochemistry staining on both discovery set and validation set melanoma TMAs. According to X-tile software, we divided Pin1 staining into two categories: low (IRS: 0-8) and high (IRS: 9-12) (representative images are shown in Fig. 3A-D nuclear Pin1 staining was evaluated separately. In the discovery set TMA, no significant difference in Pin1 expression was observed ( Supplementary Fig. S1 ). In the validation set TMA, the fraction of cells with high cytoplasmic Pin1 expression was increased in primary and metastatic melanoma compared with nevi (P = 0.046 and 0.011, respectively, χ 2 test) (Fig. 3E ). The P value for the measured increase in cytoplasmic Pin1 expression in metastatic melanomas relative to dysplastic nevi was also very low (P = 0.016, χ 2 test). However, nuclear Pin1 staining was increased when comparing normal nevi to dysplastic nevi (P = 0.193, χ 2 test) but decreased in a comparison of dysplastic nevi with primary melanoma (P = 0.031, χ 2 test). A further decrease was noted in metastatic malignancies (P = 0.045, χ 2 test).
Pin1 Expression in Melanoma and Clinicopathologic Characteristics.
In samples from all 538 melanoma patients, we investigated the correlation between cytoplasmic and nuclear Pin1 expression and clinicopathologic parameters. For cytoplasmic Pin1 expression, we did not find any significant differences between cytoplasmic Pin1 and clinical parameters ( Table 2 ). For nuclear Pin1 expression, we found high nuclear Pin1 expression significantly decreased from 36% in stage I to 21% in stage II (P = 0.005, χ 2 test) and further decreased to 9% in stage III (P = 0.000, χ 2 test), but increased to 28% in stage IV (P = 0.004, χ 2 test) ( Supplementary  Fig. S2 ). The mechanism underlying this phenomenon is unclear yet. Nuclear Pin1 expression decreased from thin melanoma (thinner than 2 mm) to thick melanoma (greater than 2 mm) (P = 0.001, χ 2 test) ( Supplementary  Fig. S2 ). We did not find significant correlations between nuclear Pin1 expression and other clinicopathologic variables in primary melanoma. In addition, nuclear Pin1 expression was not correlated with age or sex of metastatic melanoma patients (Table 3) .
Cytoplasmic Pin1 Expression is correlated with Melanoma 5-year Survival in the Discovery Set TMA.
To investigate the correlation between Pin1 expression and patient clinical outcome, we conducted Kaplan-Meier survival analysis on the discovery set tissue microarray. High expression of cytoplasmic Pin1 was correlated with worse patient 5-year overall survival and melanoma-specific survival (P = 0.015 and 0.010, χ 2 test) (Fig. 4A,B) . However, nuclear Pin1 expression was not significantly associated with melanoma-specific 5-year survival (Fig. 4C,D) .
Cytoplasmic Pin1 Expression is Correlated with Melanoma Patient 5-Year Survival in Validation
Set TMA. In validation set, a total of 404 samples of the TMA had complete clinical information. To further investigate the prognostic value of cytoplasmic/nuclear Pin1 expression, we constructed Kaplan-Meier survival analysis. Our data showed that overall 5-year survival in the high cytoplasmic Pin1 staining cohort was 38.07% compared to 64.96% in the low cytoplasmic Pin1 expression cohort. Statistical analysis revealed that the differences between high and low Pin1 expression cohorts are significant (overall survival, P < 0.001; melanoma-specific survival, P < 0.001) (Fig. 5) . This data indicate that cytoplasmic Pin1 expression may serve as a promising prognostic marker in melanoma. However, similar to the discovery set, nuclear Pin1 expression was correlated neither with overall 5-year survival, nor with melanoma-specific 5-year survival (P = 0.636 and 0.719, respectively, log-rank test). Furthermore, we investigated the correlation between Pin1 expression and patient survival in both primary and metastatic melanomas. In primary melanoma, only cytoplasmic Pin1 expression was associated with worse 5-year melanoma-specific survival (P = 0.035, log-rank test) (Supplementary Fig. S3) .
Similarly, in metastatic melanoma, cytoplasmic Pin1 expression was associated with both overall and melanoma-specific 5-year survival (P = 0.004 and 0.050, respectively, log-rank test) (Fig. 5E,F) . In contrast, nuclear Pin1 expression was only associated with melanoma-specific 5-year survival (P = 0.030, log-rank test) (Fig. 5H ).
Cytoplasmic Pin1 expression is an independent factor to predict melanoma patient survival.
Finally, we conducted Multivariate Cox regression analysis to investigate the correlation between cytoplasmic Pin1 expression and melanoma patient survival. Our data showed that cytoplasmic Pin1 is an independent factor for predicting both overall and melanoma-specific patient survival (P = 0.001 and 0.000, respectively, Table 4 ). Moreover, cytoplasmic Pin1 expression is also an independent factor for primary melanoma patient 5-year melanoma-specific survival (P = 0.039) ( Table 4 ). Not surprisingly, we identified tumor thickness and ulceration status as the two most significant factors for predicting melanoma patient outcome (P = 0.001 and 0.003, respectively). 
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Discussion
The abnormally elevated expression of Pin1 occurs in a majority of malignancies. In the present study, aiming at an improved understanding of the role of Pin1 in melanoma progression, we used large-scale TMAs and immunohistochemistry to investigate Pin1 expression in 655 cases of pigmented skin lesions. Our data demonstrated that cytoplasmic Pin1 expression significantly increases with melanoma progression, and nuclear Pin1 expression shows a decrease in metastatic melanoma compared to early stage skin lesions. Furthermore, cytoplasmic Pin1 expression is significantly correlated with 5-year survival in metastatic as well as in all melanoma patient cohorts, and cytoplasmic Pin1 is an independent prognostic factor for melanoma patient survival. To our knowledge, this is the first study to investigate Pin1's expression and prognostic value in melanoma using large-scale TMA and immunohistochemistry technology. To date, very few publications focused on the role of Pin1 in melanoma. Jin and et al. have shown that suppression of Pin1 by miRNA interference inhibits proliferation and invasion in-vitro of A375 melanoma cells and suppresses their tumorigenic potential in athymic mice. This first functional and mechanistic study in melanoma demonstrated that down-regulation of Pin1 impedes tumorigenesis through inhibition of phosphorylation of Akt, C-Jun N-terminal kinase and pro-matrix metalloproteinase 2 (MMP2) 23 . A more recent study conducted by Kruiswijk and et al. revealed that Pin1 inhibition impaired the activity of the transcription factor FOXM1 and suppressed BRAF-V600E mutated metastatic melanoma cell survival 24 . Cell-permeable Pin1-FOXM1-blocking peptides were shown to inhibit the proliferation of freshly isolated human metastatic melanoma cells ex vivo and in 3D cultured patient-derived melanoids 24 . Another study has identified the novel covalent Pin1 inhibitor, KPT-6566, which impairs Pin1-dependent cancer formation and metastasis, indicating that therapeutic strategy based on Pin1 inhibition is promising 25 . Consistent with these observations, our study revealed that cytoplasmic Pin1 was significantly increased in melanoma cell lines and in primary and metastatic melanoma tissue biopsies, findings that also support the notion that cytoplasmic Pin1 is a promising therapeutic target for melanoma.
Our results suggest that elevated Pin1 activity might be required for melanoma transformation and progression. Previous study by Rustighi et al. has revealed that Pin1 is a Notch1 target and Pin1/ Notch1 interaction influents Notch1 transcription and activation in breast cancer 26 . A later study demonstrated that high level of Pin1 expression could maintain Notch signalling, which is an important pathogenesis mechanism in melanoma, and is associated with worse prognosis 27 . However, the regulatory mechanisms underlying this significant increase of cytoplasmic Pin1 expression in melanoma are largely unknown. Pin1 expression can be regulated both transcriptionally and post-translationally. E2 transcription factor 1 (E2F1) and several signalling cascades, such as Her2 and H-Ras, regulate Pin1 transcription 28 . Death-associated protein kinase 1 (DAPK1) suppresses Pin1 activity by phosphorylating Pin1 at S71 in the Pin1 catalytic site and inhibits Pin1's nuclear localization 29 . Additionally, PIN1 was shown to be a direct target of two members of the Notch protein family, Notch1 and Notch4 18, 30 . Conversely, mixed-lineage kinase 3 (MLK3) phosphorylates Pin1 to enhance its catalytic activity and nuclear localization 31 . Moreover, Pin1 stability can be altered by ubiquitylation and SUMOylation following phosphorylation in both PPIase and WW domains [32] [33] [34] . The exact mechanism of regulation of Pin1 expression and cellular localization in melanoma as well as their functional consequences remains to be established.
Our data demonstrated that cytoplasmic Pin1 expression was negatively correlated with melanoma patient 5-year survival in the discovery set TMA (114 cases), a finding that was confirmed in the validation set TMA (404 cases). Moreover, Multivariate Cox proportional regression analysis indicated that high cytoplasmic Pin1 expression was an independent prognostic factor for melanoma. Interestingly, cytoplasmic Pin1 expression was also significantly associated with poor survival of patients with metastatic melanoma. However, cytoplasmic Pin1 expression was not correlated with primary melanoma clinical outcome. These results suggest that cytoplasmic or nuclear Pin1 may exert distinct functions in specific stages of melanoma progression.
Materials and Methods
Ethics Statement. The Patients include in this cohort were prospectively followed up until death or the latest follow-up. During the follow-up period, 20 patients were lost to follow-up; 214 died of melanoma, while 33 died from other causes. Each TMA section (4 μm) was routinely stained with hematoxylin and eosin, as well as melanocyte marker S-100.
Immunohistochemistry of TMAs. TMA slides were immunohistochemically stained as described previously 35 . The monoclonal mouse anti-Pin1 antibody (Cat # MAB2294) (1:50 dilution; R&D Systems, MN, USA) was diluted 1:100 and used. Negative controls were performed by omitting the Pin1 antibody during the primary antibody incubation.
Evaluation of Immunostaining and Statistical Analysis. Blind evaluation of Pin1 staining was per-
formed by a trained dermatopathologist and two observers joining through a multiple viewing microscope, and a consensus was reached for the score of each core. The Pin1 staining intensity was scored as 0, 1, 2 and 3, and the percentage of positive Pin1 staining cells was scored as 1 (1-25%), 2 (26-50%), 3 (51-75%) and 4 (76-100%). When duplicated cores show different staining, the higher score from the two tissue cores was taken as the immune reactivity score (IRS) 36 . The final score was calculated by multiplying the scores of staining intensity and the percentage of positive cells. Based on IRS, Pin1 staining pattern was defined as: low (IRS: 0-8) and high (IRS: 9-12). The optimal cut-off points were determined using the X-tile software (Yale University). Statistical analysis was conducted using the SPSS version 21 software (SPSS Inc, Chicago, IL).
Quantification of Pin1 Expression Levels in Melanoma Cell Lines. Protein was extracted from cells as previously described 37 . Mouse anti-Pin1 antibody (MAB2294, R&D Systems, MN, USA) was used to detect the Pin1 protein expressio. β-actin was used as the internal reference (1:10000 dilution, sigma, Oakville, ON, Canada).
RNA was extracted from cells as described previously 37 . Pin1 expression was adjusted using the reference gene GAPDH.
Primer sequences:
Pin1-forward: TCGGGAGAGGAGGACTTTG Pin1-reverse: GGAGGATGATGTGGATGCC GAPDH-forward: AAGATCATCAGCAATGCCTCC GAPDH-reverse: TGGACTGTGGTCATGAGTCCTT. Table 4 . Cox proportional regression analysis on 5-year overall and disease-specific survival of melanoma patients. HR, hazard ratio; CI, confidence interval; AJCC, American Joint Committee on Cancer.Bold indicates significant P values. a Coding of variables: age was coded based on median age in patient cohorts: 1 (≦59 years) or 2 (>59 years) for all melanoma and primary melanoma patients, and 1 (≦60 years) or 2 (>60 years) for metastatic melanoma patients; Pin1 was coded as 1 (low) or 2 (high); thickness was coded as 1 (≦2 mm) or 2 (>2 mm); ulceration at the time of diagnosis was coded as 1 (no ulceration) or 2 (ulceration); location of lesions was coded as 1 (sun-protected area) or 2 (sun-exposed area); AJCC stage was coded as 1 (stage I and II) or 2 (stage III and IV).
